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SUMMARY 

The failure of turbojet aircraft propulsion units to accelerate 
rapidly to high thrust operation when emergencies arise in slow speed 
flight has restricted their use in aircraft applications, and has also 
concentrated considerable attention upon thelr acceleration characteristics 
in an effort to produce better results. This thesia presents a method 
of computing the acceleration of a particular turbojet by making use of 
complete performance curves of the component parts of the turbojet. 

The method presented here does not permit computation of the 

cceleration for a particular operating condition as determined by those 

variables usually considered independent; namely, (1) Flight ¢onditions 
of velocity, density, pressure, and temperature, (8) Engine rotor speed 
(3) Fuel rate of flow, and (4) Tail cone area ratio. Computation using 
these four independent variables was originally attempted in preparation 
of this thesis. However, extreme complication in the computations dictated 
that turbine inlet temperature and air mass rate of flow which are 
normally dependent variables, should be considered indenendent. Fuel 
rate of flow and tail cone area ratio are therefore considered dependent. 
Therefore, in order to match a particular operating condition, it is 
necessary to make a family of computations for various turbine inlet 
temperatures (constant for each set) over a range of assumed air mass 
flows. 

Computations have been performed for the .estinghouse X19B axial 
flow turbojet to illustrate application of the method and to show 


qualitative and quantitative effects of variation of tail area ratio, 


at two different turhine inlet temperatures. 








LiTRODUS TION 

During emergency Couditions which arise in eimenires emmae 
approach, @ rapid increase in thrust is imperative. However, current 
turbojet engines are notoriously slow to accelerate from low to high thrust 
conditions, Although a large volume of information is uvailable concerning 
equilibrium running conditions of turbojets, comparatively little has 
been published concerning acceleration. Accordingly the PUYpose of this 
paper is to develop a method of computation of acceleration, and of thrust 
during AGeeL é ration of a turbojet engine; and further, to asvertain qualie 
tative effects on acceleration and thrust of variation of tail area rutio 


end turbine inlet temperature. 


SCOPE 
‘The basic method developed in this analysis is general and may 
be applied to any turbojet operating condition. However, this .ethod 


does not encompass thrust augmentation devices such as afterduzning. 


n ! 


Application of the proposed method is contingent upon complete experimentel 
perfomance data for the comp wresor, combuetion chamber, and urvine, as 
Separate units, and in addition upon knowledge of diffuser and nozzle 
efficiencies. The method is based upon the assumption that the steady 
state performance data can be applied instantaneously, even under none 


stationary running conditions. Hence the accelerations are considered 


as "slow" chances, and although this assumption is probably valid, the 


final justification must come from comparison with tests. 








30 are restri_ted to a single fl ight 


' re 4 7 


ght condition effects of variation of rotors 0364 
gam ~~ eal % ' 


litary rating, and of tail area ratio from 0.8 to 2.0, 
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are evaluated at two different turbine inlet temperatures. 
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PROVEDURE 
In order to compute the acveleration of ths rotor of the turdo jet 


engine it is necessary to know both the power required to drive the 


Compressor, ,, and the power output of the turbine, fie» The excess 
power, neglecting power required for the accessories, is then the power 
avallable for the acceleration of the rotor. In operation, the magnitude 
of these powers is determined by the independent variables: (1) Flight 
conditions (2) Rotor speed, n, (3) Fuel rate of flow and (4) ‘Tail area 
ratio, Acg/Agp However, for the purpose of calculetion, the independent 
variables have been chosen to be: (1) Flight conditicns (2) Air massa 
rate of flow (3) Turbine inlet temperature, T,, and (4) Roter speed, 
leaving fuel rate of flow and tail area ratio as dependent variables. 
This is completely explained in the discussion. 

The first step used in calculating |, and W, was to find the 
entrance conditions of the compressor. Flight velocity of the engine 
was assumed to be 100 mph. Sea level standard conditions of density, 
pressure and temperature were assumed. Then assuming isentropic flow 
through the diffuser, a plot of Mp, Too and P54, versus air mass flow, 
f{, Was made by the use of a Mollier diagram. (See Figure 11) A 
particular rotor speed was then assumed. Values of masa flow from 
the lower limit of the compressor stall to the upper limit of the 
Critical flow were chosen. The compressor flow parameter, Ie and 
speed parameter, Oc were Calculated for each mass flow, and then 


the compressor pressure ratio P,/P,, the compressor power coefficient 








oy » and the compressor teaperature ratio, Ts/To, were found from 
Figures 15, 14, and 15. With these values it was possible to 
detexrnine: 
P5 
a) = p(B 
6) 1a: @ (2) 
2 2 ie 
c) Vie = OL i Ac QO 2 
P, was assumed to be 0.98 Pg. (See Figure 12). Ty was then taken 
as the value desired: (2000°R for one case and 2200°R for the 


second case). From these data it was possible to compute 








Den 

a 
= m R 14 
iF BAtl 2 


The turbine performance charts, Figures 16, 17, 18, and 19 were 


entered and from them was obtained: 


a) a 
mo We 
Ts 
c) 7 
ad) Me 


From these the following were computed: 
Ps 
a) Fes Bl B. 

b) We = 0B Aa4g 


) TUF) 
fe . re 


c “F 
(Untess Fs Pp, exceeda the critical-then see 


4) 


Appendix II) 








With this information the nozzle chart Fireure 20 was entered 


and M.» Te/T5s and Ag/A- were determined. From these data 


Ts () 
Vo = MeV&R & 


The acceleration of the turbojet rotor was then computed as 
n = Wt - We 
4o°nIp 


and 


and the thrust 
c= ay- vy.) 
for values of Mg less than one. ‘hen P,/P, exceeds the critical 
pressure ratio then the pressure at the nozzle outlet, Pes exceeds 
atmospheric pressure, Po» and a@ pressure tera in amount A.(@-R) 
4s added to the thrust. Under this condition, M,=!.0 , and 
the expression for the thrust becomss: 
Fs mh(a-Vo) + Ag(R-B) 
where Pe is determined fron the known magnitude of Po and fron that 
pressure ratio, Pp /? ps wiich makes the value of Me equal to unitye 
Fran the plots of the data obtained from the above calculations 
(See Figures 1, 2, 4, and 5) it was then possible to compute the 


acceleration time for the rotor by taking time increments of tbe order 


of a half a second and making the computation in a step by step process. 








ie 


Se 


4. 


5. 


6. 


ROPE RENS LS 


"Jet Propulsion", A reference text prepared by the staffs 


of the Guggenheim Aeronautical Laboratory and the Jet 
Propulsion Laboratory, GALUIT, valifomia Institute of 
Technology, for the Air Technical Service vommand. 

(Restricted) 

Westinghouse Aviation Cas Turbine Report No. A-S02, Oct. 1946. 
B. Pinkel and L. R. Turner, "Thermodynanic Data for the 
vomputation of the Perfomance of Exhaust Gas Turbines," 

NACA Advance Restricted Report 4B25. 

Curtiss Vricht vorporation, "A Simplified Method of valculating 
and Presenting Turbdo-Jet Performance,” Confidential Report 

No. M=-46-3, Oct. 1946. 

Glenn L. Martin vo., "Acceleration vharacteristics of .esting= 
house Model X19B Turbo-Jet Engine," Flight Report No. 57-6255, 
Jan. 16, 1946. 

Glenn L. Mertin vos, "Report on the Operational Characteristics 
of the flestinghouse Model X19B Turbvo-Jet Engine Installed in 

a JM-l Flying Test Bed", Engineering Report No. 2482, 


Oct. 15, 1946. 








PROVEDURS FOR COMPUTATION OF TURBOJET AU -ELERATION 
l. Given the following atmospheric flight and diffuser conditions: 


fe, Te, Me, Mg 


2. Assume the independent variables n and n.* 





3. Compute ™M Tz, and P,: % x 
“% “ye 2 ee) ee 
= 1+ = Me 
Coane Pe a be 2 
y fo} a 2 2. oO . 
1+ SI m2 1+ oe 
Bet yy 2 x - | m 
2.2 \ aa M7 {oe 
: eS is Ae, RT, 


4, vompute non-dimensional compressor parameters [. and (. : 


[5 MV = 
a Den 
Cs oe 


o. Enter compressor perfomance charts for the particular turbojet 


under consideration (See Figures 15, 14, and 15). From these 


charts determine: 
2 
a) Compressor pressure ratio, PD 
2 
b) Compressor power coefficient, Aer 


¢) Compressor temperature ratio, = 
2 


6. From the above data determine the following: 
Ps 
a) F- AG 
+) We Bee 2.4, 


+ 
e) 13,7 |, at 


®3ee discussion on selection of & 








7. Enter combustion chamber performance chart for the carticular turdojet 
under consideration and determine pressure ratio K/P, (See Fisure 1... 
vompute ee p 

eee. (®) 
2k ie 

8 compute is and G+ ’ 

igs Bi es 
ho oa AN R14 
Sa era 

6. fae Dn 

.= 


Ag 
Note that I. involves introducing another independent variable, |, . 





For analysis of this subject see discussion. 
9. Enter turbine perforiance charts for the particular turvojet under 


consideration (See Figure 16, 17, 18 and 19). From these charts 


determine: 
tS 
a) Py. 
c) qs 
m 
a) Ms 


10. From these data compute the following: 
Bs 
a) BBR 
c) ‘e = lg tA 
ll. Campute nozzle pressure ratio 
Po Fe 
Ps Fs 
12. Enter nozzle perforiance chart (See Figure 20) and determine Ms 


Te/Ts and Ae/g . - Bach installation will have a dirferent chart 


depending upon nozzle goometry. However, for short tail pipes and 








small area ratios flow is nearly isertzopic. hen nozzle efficienc: 
is known, the foregoing quantities may be detemined b: computation 
similar to those for the diffuser. 


15. From these data compute the following: 
Te 
T= 555) 





Va= Me VSRTe 

14. Turbojet acceleration 
. W-We 
4.14*n Ty 


15. Turbvojet thrust 
a) When M,<1.0.: 
Pain (Vi- Vo ) 
>) nen" exceeds the critical pressure ratio and M,=|.0. 


eG rh (ag Ve) a7 A.(R- P, | 


(See Appendix II) 
Application of this method to the particular cases selected for : 
demonstration produced the ultimate results shown in Fisures l, ©, oa, 
and Sb. The effects of tail area ratio and rotor speed on thrust and 
on acceleration are shown in Figures 1 and &, which were derived fran 
Figures 7-10. Figures 3a and 3b show effects of rotor speed and tail 


area ratio on time required to accelerate to a particular engine speed. 








DISUUS LIN 

The method of canputaticn proposed in thie paver is simple in 
form, but the calculations are lengthy and the method requires some 
practice to estimito quickly ee range of mass flows to select 
for the calculations. This is to be expected sinve the mas flow is 
not, in fact, an independent variable. However it has been chosen 
as such for the purpose of ease of computation. The independent 
variables in the unsteady state condition are: (1) Flight conditions 
(velocity, density, temperature and pressure) (2) Retor speed 
(S) Fuel mass rate of flow and (4) Tail area ratio. (This contrasts 
with the steady state or equilibrium condition where ths rotor speed 
18 a dependent variable). 

In the method outlined in this paver the fuel mass rate of flow 
has been replaced as an independent variable hy the use of a constant 
turbine inlet temperature. The independent variables ued then are: 
(1) Flight conditions (2) Air mass rate of flow (3) Turbine inlet 
temperature and (4) Rotor speed. Since the flight conditions have been 
held constant throughout the series of computations made here, there 
remain only three independent variables. 

As a btarting maak in the calculation a rotor speed and turbine 
inlet tcuperature sre selected. Then for each air mass flow chosen, 
values of tail area ratio, acceleration, and thrust are obtained. this 
makes tail area ratio, acceleration, and thrust a function of the air mass 


rate of flow. Other sets of calculations may be obtained by varying the 


rotor speed and the turbine inlet temperature and repeating the procedure. 








The geometric configuretion of the unit imposes certain natural 
limitations upon the selection of the air mass rate of flow. If «A is 
chosen too low, the compressor operates in a stalled conditions, nis 
is obviously undesirable. Under certain conditions of higner mass flow 
@ Macn number of unity is reached at some point ir the unit and a 
condition of critical flow exists due to sonic velocity in the turbine 
nozzle throat. This occurs when the value of (fe exceeds a critical 
value (In this case 0.482) and is clearly en in Figure 10. Under 
certain conditions of high & when the critical flow limit is not reached, 
a value of M may be chosen so high that the stagati.n pressurm in the 
tail pipe is less than the atmospheric pressure. This obviously isa 
physically impossibie condition and occurs when too high a value of @ 
{is selected. The fallacy does not become apvarent in the cal Stamemicet 
until the point of entry into the nozzle chart (Figure 20), when the 
tail area ratio appeers to be somethihg "greater than infinite”. 

The turbine inlet temperature is wmntrolled directly by the mass 
rate of fuel flow into the combustion chamber. cdowever, since the 
calculation of the turbine inlet vmpsruture is a process invclving the 
combustion efficiencies and the heating value of the fuel it wus 
not considered to be within the scope of this report to carry out tess 
calculations. The assumption was therefore made that a sufficient amount 
of fuel was Conswned in order to provide the required Tye In order to 
ascertain the effects of turbine inlet temperature variation, calcula- 


tions were for a T, of 2000°R which is approximately the maximum 








@llowable for continuous operation of the Westinghouse 11938 (1960°R) 


and for a T, of 200°F higher. 

sxact information regarding pressure dro» across the combustion 
Chamber was not available until after calculations were completed. 

The estimate used in these calculations (4%p,= 0.02) was subsequently 
found to agree ay wel}, with data from tests made on the canbustion 
Ghamber of this unit by “Westinghouse. (See Figure 12). 

No allowance has been made in this analysis for mass of fuel 
added, air leakav’e between compressor and turbine, or power required 
for accessories. The effects of these small quantities tend to canpenscte 
gach other. 

Figures 1, and 2 show the effects on acceleration and thrust of 
variation of rotor speed and tail area ratio at a particular turbine 
inlet temperature. vonparison of trsse two charts shows that tenporarily 
exceeding the peak continuous allowable temperatures of the .eetinghouse 
X193 produces a slisht increase in accelerutiscn at Low rotor speed, but 
also introduces the danger of operating within the compressor stall. 

It 1s interesting to note that accelerition may be obtained only 
at tae expense of thrust. This further aggravates the problem of thrust 
requirements under emerzsncy conditions. 

converzence of lines of constant tail area ratio as their mi mitude 
increases shows that increasing tail area ratio above 2.0 produces only 
Slight gain in acceleration. 

Figures Sa and 3b show the effects of rotor speed and tail area 
ratio on time required to accelerate to a particular enzine speed. 


secause the accelerations is a function of the small difference between 








large turbine and compressor o. wets, accurcey of the results io sibject 


to question, and should be verified by experimental duta. 

















Pertinent extructs from a renort on flizsht tests of a Ml2B uni¢ 
conducted by the Clenn Le. xartin -o2apany are s.ow: in Figure 6. Since 
manual control of fuel flow was used in these tests, a constant turdine 
jalet temperature coulc not be -aintainec. .n effort was made, Lowever, 
to follow a procedure wnich would produce maximum accelerution. No 
rational estimate of turdine inlet temperaturesused in the tests is 
possible. However, since maxicuao acceleration was their -oal, it is 
presumed that t ese temperatures were at or near the aaxiaia allowable © 
(1960°R}) during most of the run. Tail area ratio ms held vonstasi, 
but at & value not Specified. However, estin.tes derived from a 
photossravh of this installsati n indicute the wil area ratio was 
approximately 2.0. Accolerution times, then, Would be roughly comparable 
to those shown in Figure Sa, for a tail area ratio of appreximately 2 
The agreement is close enough tint quantitetive values may be considered 


roughly correct, and the qualitctive effects may be considered reliable. 
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6. 


7. 


GONULUS IONS 
Acceleration charmacterictits of . tirbojet may be Cozputed by the 
method preseiitei ii this report, nrovided adequate experime:.tal duta 
for component parts is availavole. 
Results odtained through use of this metnod agree closely enough with 
experimental data so that quantitative values obtained may be considered 
roughly correct, and qualitative effects may be considcred reliable. 
This method 15 not applicable for prediction of a schedule of accelera- 
tion for a turbojet under actual operating conditions until extensive 
calculations have been made Over a complete range of turbine inlet 
temperature and flight conditions, 
Increasing tail area ratio increases acceleration but with dininisaing 
effect as tail area ratio gets larger. < 
Increasing peak temperature increases acceleration at all rotor speeds. 
The relative increuse is much greater at tigher speeds. 
increasgin.: peak temnerature tends to induce earlier compressor stall. 
Aeceleration of a turbojet under any condition is slow when Compared to 


a reciprocating enginee 
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